Ambient light is taken more into account in today's lighting design as it has a major impact on human well-being as well as reduction of glare. LED lighting provides new opportunities to design more efficient lighting systems in terms of improved color rendering and possibilities to vary the color temperature in order to mimic daylight.
Introduction
LED is today and will be our most common light source in future lighting systems both indoors and outdoors. It creates the greatest conditions for an energy -efficient lighting. At the same time, it provides the conditions for improved color rendering. In addition, the LED light source can vary the color temperature to mimic the variation of daylight over time in the range of 2700 K to 6500 K.
Risks with LED are increased risk of glare, of increased irradiance (increased spectral light intensity) in the range 460-480 nm as often contributes to increased light scattering in the eye lens. In addition, the light source is often dot-shaped which can cause glare due to high luminous fluxes within a limited luminous surface. We already know that the experience of glare can be reduced with an increased ambient light. In order to obtain a quick and positive implementation of LED lighting in our indoor lighting facilities, with this study, we want to investigate which correlated color temperatures are preferred for commonly recommended lighting conditions in indoor workplaces with respect to ambient illuminance/ luminance in working environments.
Lighting installations in the future will increasingly be varied both in terms of light level and color temperature in order to set humans daily circadian rhythm and by utilizing the presence frequency and daylight incidence for more efficient use of energy for lighting. We know that the preferred color temperature varies with the illuminance and with the amount of incident daylight over time. For these conditions, there is no international studies regarding LED as a light source.
In this study two age groups were examined. A younger group 20-40 years and an older 50-70 years since the vision abilities are different for different age groups. Since there currently is a discussion about increased retirement age for about 70 years, it is also of great importance to investigate the elderly's preferences for lighting in the work environment.
The relationship between illuminance and color temperature has been studied for a long time. Kruithof was already in 1941 [1] able to show that there was a connection between the lighting level and the color temperature when the light was generated with fluorescent lamps. To simplify, Kruithof showed that there was a preference for higher correlated colour temperatures when higher illuminance were used.
It must be emphasized, however, that this research was carried out with light sources that deviate greatly from the LED's spectral distribution.
In recent years Han and Boyce [2] examined which color temperatures were preferred for fluorescent lamps within the 3000 K to 6500 K range for a illuminance range of 300 to 900 lux and Vienot et. al [3] examined the perceived pleasantness within 2700 K to 6500 K vs. illuminance at 150 to 600 lux using LED lamps.
Boyce has also, together with Cuttle [4] looked at the importance of the room's color scheme for the preference of color temperature.
All these studies found no clear preference for higher CCT at higher illuminance levels as clear as Kruithof found in 1941 [1] . Other researchers also found the similar results that luminous colour is not dependent on illuminance [5] .
The room's color scheme plays a major role in the preference. Access to daylight also plays a role. Thus, there are reasons to assume that several factors play a role in the choice of color temperature in relation to illuminance.
The European standard on lighting for indoor workplaces EN 12 464-1, 2011 [6] and other international requirements and guidelines has a clear focus on localized lighting systems in order to create conditions for more energy-efficient lighting systems. Localized lighting systems which are based on the fact that the lighting system is divided into three different zones: the working area, immediate surroundings and the outer envelope. Each zone receives different lighting requirements, which creates energy-efficient lighting facilities.
In this context, it is important to consider the importance of the ambient light and the increased requirements for higher room brightness of the work environment which have a major impact on the perceived the visual glare and non-visual effects such as alertness and well-being. For this reason it is of major interest to investigate in which way the preferred CCT is affected by different light distributions in the space e.g. ratios between the horizontal task area illuminance and the ambient vertical illuminance the interconnections there between. Today there is currently no recommendation on suitable correlated color temperatures for commonly used light distributions and illuminance levels for LED lighting.
Aim of the study
The aim of the present study was to investigate the preferred color temperature at different illuminance levels, both horizontally and vertically, for workplaces equipped with LED lighting in order to obtain energy efficiency and good light quality. In order to obtain reliable values, the impact of glare and flicker were kept low and constant over for all different light scenes during the test.
Method
Initially, a literature review of available research was conducted. In the review the following sources were use; Web of Science, Scopus and CIE Proceedings.
The keywords used are shown in Table 1 . The result of the literature review was used as a basis for selecting color temperatures for the study. 
Sample

Experimental group and implementation.
A total of 47 subjects participated in the study, of which 27 were women and 19 were men. The average age was 43, 4 years (20-70 years). 31 of the subjects used glasses. All had adequate vision with correction and normal color vision.
The subjects were asked to choose the color temperature they preferred among five different possibilities. 2700K -3000K -3500K -4000K and 6500K at different lighting levels from 50 to 1000 lux, a total of 7 levels. For each setting the subjects was adapted at 3500K for 10 minutes and then 5 min to test the different CCT (freely), select the preferred, leave and come back to the room for the next setting.
Three different illumination conditions were investigated based on the ratio of the mean horizontal illuminance / luminance measured on the work surface to the mean vertical illuminance / luminance on the room walls within the normal field of view (1: 1, 2: 1 and 5: 1). All started with the ratio 2: 1. Then half of the group was randomly given either their 1: 1 or 5: 1 preference judgments. All groups were evenly distributed concerning age. The different lighting conditions were based on the relationship between a reference point on the wall and a reference point on the work surface ( Table 2 ). The two groups also had different presentation arrangements to avoid the effects of the presentation scheme. One group began their low-light assessments and the other group began with high levels of illumination. 21 preset scenarios for different light distributions were used in the study (Table 3) . In totals 105 different light preset scenarios for simple selection by the subjects between the five CCTs by pressing a neutral button labeled 1 -5 on a tablet screen at all ratios. Each color temperature could be tried as many times as desi red within a ten minute period before finally choosing the preferred color temperature. All selections were stored digitally for each subject. In total, the experiment lasted four hours. Before the experiment began, the subjects were asked to think that th ey were in a working environment and to choose the preferred color temperature in relation to this. 
The conditions of the lab environment
The test situation
The study was conducted in a lighting laboratory at the Department of Architecture at Lund University. The test room, which was windowless, had the dimensions 6.0m x 4.0m with a height of 3m. The walls were white with a gravy tone (NCS N1500).
The gloss steel in ceiling ≤ 3 and on walls ≤ 5. The reflectance of the wall surfaces was measured to about 82 % for the floor surface 35 % and roof surfaces approximately 90 %. The furniture consisted of a table and a chair where the subject sat during the experimen t.
The light sources consisted of four different types of LED luminaires with different light distributions to uniformly illuminate the room surfaces. 36 luminaires of type Pleiad G3 from Fagerhult were installed named L1, L2, L3 and L4. Luminaire types L1 -L3 were installed in the test room and type L4 was located in the corridor directly outside the test room.
In the waiting room where the subjects waited before the test began, had a neutral colouring and the lighting was designed for a horizontal illuminance of about 200 lux and a colour temperature of 3000K. An overview is given in Table 4 . The ambient light of the test room was provided indirectly by wall washers except for the luminaires providing direct light positioned above the workplace and located outside of the subject's normal field of view. In this way no light was perceived directly from luminaires and glare was minimized.
The flicker situation was also the same for all conditions in order to avoid the effects of this. Figure 1 shows the design of the room and the location of the luminaires in the test room.
Figure 1 -Drawing of the light laboratory and control room where the experiments were carried out showing the location of the luminaires used in the test room
Measurements of the lighting conditions with respect to illuminance, correlated color temperature and color reproduction were performed prior to the start of the experiment and after the end of the experiment to control the stability of the light sources during the experiment. It turned out that the deviation from the determined value was small both before and after the experiment (Figure 2a and 2b) . Similarly, the color temperature, the deviation from the determined value and the stability of the color temperature are reported by showing the deviation before and after the experiment.
We have chosen to present only results from the four illuminance levels that are the most commonly used in working environments (Figure 3a and 3b) . The measurements show that the deviation is relatively small and below normal tolerances of ± 200K and that the color temperature was stable over time. This means that the subjects have been exposed to similar conditions throughout the test period.
The spectral distribution of the light under different conditions was also measured with a spectrometer. Figure 4 shows the spectral composition of the 2:1 ratio at 500 lux horizontal illuminance at the task area. The spectral distribution of the light was measured 1.2 meter above the floor towards the eye in the direction of the front wall. 
Results
Subjective experience of the lighting conditions
Generally, there are small systematic differences for preference of c olor temperature relative to illumination levels. In this study we cannot verify Kruithof's model w here LED lighting is used. However, we can see systematic differences between the preferred color temperature and the relationship between horizontal illuminance at the task area and ambient vertical illuminance on the walls.
A significant difference is found for the ratio 2: 1 when all lighting situations were compared (F (6; 276) = 2,048, p <.05). For the ratio 5: 1, this appears as a tendency F (6; 132) = 1,450, p = .06.
For the ratio 1: 1 there were no differences at all. This means that the distribution of light in the room is important for the choice of color temperature. These difference s were general and not dependent on age, gender or presentation scheme.
For a practitioner, however, it is also interesting to look at different illuminance levels and ratios and preferences for these and, in particular, the illuminance levels recommended in the European standard EN 12 464-1, Lighting of indoor workplaces [6] and in other international requirements and guidelines which can be considered as fairly normal conditions at a workplace. We have therefore chosen to report results for task area illuminance of 300 and 500 lux and ratio between task area and the ambient illuminance in the field of view of 2:1.
There were no significant differences for the individual color temperatures, but we can observe that very few subjects prefer the lowest color t emperature (2700 K) and the highest (6500 K).
For both conditions 300/150 lux and 500/250 lux, 3500 K or 4000 K seems to be the most preferred color temperatures. There is also a tendency for female in both conditions to prefer a slightly lower color temperature than male. At the same time, the male group shows a greater spread. No female preferred 2700 K at illuminance ratio of 500/250 lux, while 10% of men did. (Figure 5a and 5b) There were no differences regarding age for general preference at any illuminance level. We may thus conclude that with good lighting conditions, i.e. low flicker level and low glare, the subjects seem to prefer 3500 -4000 K.
The preference for color temperature is dependent on many factors, but this study shows that higher color temperatures can be achieved at least in neutral office environments without negative reactions occurring.
Are there any differences at all? Yes, when we reach extreme levels, there are differences and these do not go in the expected direction. In the light situation 2:1, we received significant differences in color temperature preference for the following lighting levels: Overall, these results show that a high color temperature is preferred when having extremely low lighting levels (50 lux), while slightly warmer, but still relatively cold light is preferred at the highest lighting levels. When it comes to the general preference, the subjects preferred a color temperature between 3500 and 4000 K.
Discussion
The results of the present study show that the color temperature is dependent on several factors, not least the relationship between horizontal and vertical illumination. Furthermore, the study shows that the connections between preference and i lluminance levels seem to be more complex than previously assumed.
In addition to the direction of light, the color scheme plays a role for the preference of color temperature. In the present study, the environment was very neutral in color, which plays a role in the results. This means that the choice of color temperature in an environment must take all these factors into account.
The study also shows that the tolerance for slightly higher color temperatures than 3000 K is general. 3500 K to 4000 K is the most preferred levels regardless of the lighting level that applies. There were relatively small differences between different groups regarding age and gender. This means that these correlated colour temperatures are recommended to be used for larger groups in working areas with LED lighting if the above mentioned factors are taken into account.
The activity within in the environment is another factor of importance. In this study, the subjects would imagine an office environment, i.e. a work place, and it also seems to be important for the preference. We believe that this can explain the deviating results for the extremely low levels, where, contrary to previous research, we found that in the lowest light level a higher color temperature was preferred. A higher color temperature has an activating effect, something that is necessary in connection with work. However, these results must be interpreted with caution. There are reasons to assume that several of the factors mentioned above account for the preference.
We also want to emphasize that the present results have been obtained in a lighting environment completely without daylight which was in principle glare-free without any glare sources in the field of view and with very low levels of flicker level, i.e. high quality light sources positioned to avoid glare.
If we look at the light sources as such, they exhibit relatively good stability during the whole experiment, both in terms of illuminance levels and color temperatures. It should be noted that the measured color temperatures are correlated color temperatures, so the spectral composition and color reproduction may vary between different light sources of the same color temperature (Figure 4 ).
All light sources / LED modules within the experimental room e xceeded the requirements set in the European standard EN 12464-1 (requirements for lighting of indoor workplaces) [6] for color reproduction on CRI, Ra 80 in at all lighting levels.
What can be taken out from the present results is that the mostly preferred color temperature in a working environment seems to be higher than the in Sweden commonly used 3000 K. An alternative would be to raise the level to 3500 K or 4000K.
This can contribute to improve energy efficiency as visibility increases with increased color temperature. However, more studies should be conducted as the present study also shows that the question is very complex and that there are no simple connections. As previously mentioned, the room's color scheme plays a role and also the access to daylight.
Difficulties in connection with the study have been that spectral light distribution and color reproduction can vary between different LED modules and control systems at the same stated or measured correlated color temperature. We have tried to meet this by carrying out accurate measurements for each situation studied, but when the results are translated into reality and no measurements are made, errors can occur. There is a need for a more developed standard for describing color temperature and color reproduction.
In order to better understand the connections between the external factors and the preference for color temperature, it would be beneficial to add daylight penetration to the test environment, i.e. to conduct the investigations in rooms when there is a normal daylight penetration. This, together with varied wall décor, would give us more knowledge about the complex relationships that exist between preference and environmental factor s.
